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Abstract The relative insolubility of lipid rafts in cold non-
ionic detergents is the most widely used method to purify these
fascinating membrane domains from intact cells or membranes.
Most of what we know about lipid raft function has been derived
from experiments utilising detergent insolubility as the basis for
raft puri¢cation. Recently, a wider range of detergents have
been used to purify ‘rafts’, and rafts have been subclassi¢ed
based on their di¡erential solubility in di¡erent detergents.
This minireview critically examines the use of detergents as
tools for raft isolation and for the subclassi¢cation of rafts.
# 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
Cell membranes are composed of a diverse array of lipids;
how these lipids function to organise membrane proteins and
cell pathways is a central question in modern cell biology.
There is heterogeneity in the lipid composition of di¡erent
cellular compartments [1], and lipids can also exhibit selective
enrichment at speci¢c regions of the same membrane. For
example, the apical plasma membrane of polarised epithelial
cells is enriched in (glyco)sphingolipids relative to the baso-
lateral plasma membrane [2]. Simons and van Meer proposed
that the distinct lipid compositions of intracellular membranes
might provide a mechanism for protein sorting in cells [2].
Speci¢cally, apically destined proteins were suggested to be
packaged into sphingolipid-rich vesicles at the trans-Golgi net-
work that were then directed to the apical membrane. In
support of this idea, apical membrane proteins were shown
to co-purify with sphingolipid and cholesterol-rich membranes
that were resistant to detergent solubilisation [3]. This deter-
gent resistance was attained shortly after protein synthesis (in
the Golgi complex), thus supporting the notion that inclusion
of proteins in detergent-insoluble, sphingolipid-rich membrane
domains may facilitate sorting to the apical membrane [3].
These ¢ndings illuminated the potential formation of lipid-
speci¢c domains in cell membranes, and presented an intrigu-
ing mechanism for the regulation of protein sorting and other
cellular pathways.
The long acyl chain length, high degree of saturation, and
both hydrogen bond acceptor and donor groups of the sphin-
golipids present in cell membranes promote the tight packing
of these lipids. As a result, sphingolipid/cholesterol-rich mem-
branes exist in a ‘liquid-ordered’ phase, and are less £uid than
glycerophospholipid-rich membranes, which are mainly in a
‘liquid-disordered’ phase. On this basis, the term ‘lipid raft’
was coined for these cholesterol- and sphingolipid-rich do-
mains [4]. The tight packing and strong interaction of raft
lipids have been suggested to explain the resistance of these
domains to solubilisation by certain non-ionic detergents [5].
Early studies on lipid rafts relied almost entirely on their
puri¢cation as detergent-insoluble complexes [3]. As a result,
the existence of these domains in vivo was questioned: Did
detergent-insoluble complexes puri¢ed in vitro re£ect the do-
main distribution of membranes in living cells? Alternatively,
were the ‘raft’ domains puri¢ed an artefact of the detergent
solubilisation? Subsequent studies on living cells supported
the lipid raft hypothesis, demonstrating that ‘raft’ proteins
exhibited cholesterol-dependent clustering at the plasma mem-
brane [6^8]. In addition, studies on model membranes con-
vincingly demonstrated that sphingolipids and cholesterol
formed domains in vitro [9^11]. However, it is essential to
note that detergents can never be used to purify a transient
protein^lipid aggregate in its original form. Likewise, it is
doubtful that any other more sophisticated technologies will
provide the molecular resolution to precisely extract rafts
from their native environment.
Lipid rafts have been implicated in the regulation of numer-
ous cellular events, including signal transduction [12], mem-
brane tra⁄c [13] and viral entry/infection [14]. The large ma-
jority of these studies have relied on the detergent insolubility
of lipid rafts for their e¡ective puri¢cation. The most widely
used detergent in these studies is Triton X-100, although more
recently a wider spectrum of detergents has been utilised to
purify rafts; these studies have lead to the suggestion that
insolubility in di¡erent detergents re£ects the association of
proteins with distinct types of ‘raft’ domain.
2. Puri¢cation of Triton X-100-insoluble lipid rafts
Purifying rafts based on their intrinsic detergent insolubility
is in theory a simple procedure, and the most commonly used
detergent for these studies is Triton X-100. Nevertheless there
are still a number of caveats and potential pitfalls. It is essen-
tial to note that rafts are only insoluble relative to non-rafts;
at high detergent-to-lipid ratios lipid rafts are e¡ectively solu-
0014-5793 / 04 / $30.00 I 2004 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
doi:10.1016/S0014-5793(04)00050-X
*Fax: (44)-141-330 4620.
E-mail address: l.chamberlain@bio.gla.ac.uk (L.H. Chamberlain).
FEBS 28067 3-2-04 Cyaan Magenta Geel Zwart
FEBS 28067 FEBS Letters 559 (2004) 1^5
bilised [15]. Furthermore, raft proteins display di¡erent levels
of detergent insolubility [16,17] ; as a result, detergent titration
experiments are essential when assessing the potential interac-
tion of a protein with lipid rafts. A sensible starting point is to
¢nd the lowest amount of detergent that completely solubilises
non-raft proteins (transferrin receptor, Na,K-ATPase) whilst
leaving raft proteins insoluble. However, even this approach is
not foolproof, as a number of proteins shown to be raft as-
sociated by other criteria are completely solubilised by deter-
gent (e.g. the insulin receptor, [18]). Thus, the absence of a
protein in detergent-insoluble fractions is not proof of its ab-
sence from lipid raft domains in vivo.
Where a protein is found in detergent-insoluble fractions
the e¡ects of cholesterol disruption on this insolubility pro-
vide a more stringent test of raft association. However, the
detergent insolubility of raft proteins and lipids does display
di¡erential sensitivity to cholesterol depletion [19]. The puri-
¢cation of rafts with detergents such as Triton X-100 is per-
formed at 4‡C; this is essential, as raft proteins are generally
solubilised in Triton X-100 at 37‡C [3]. The di¡erential solu-
bility of rafts at these two temperatures probably re£ects the
tighter packaging of membrane lipids as temperature is de-
creased. However, a number of investigators have questioned
whether rafts exist at physiological temperature or whether
their formation is a consequence of temperature-induced ef-
fects on lipid packing and distribution. In addition, there is
evidence that Triton X-100 promotes domain formation in
lipid mixtures [20,21]. However, despite these concerns the
lipid composition of detergent-insoluble membranes isolated
at 4‡C may resemble the phase distribution of lipids at 37‡C,
at least in model membranes [22].
Although Triton X-100 is the best characterised and most
widely used detergent for raft puri¢cation, there are a number
of problems associated with its use. In particular, aggregation
of detergent-insoluble raft domains has been demonstrated
following Triton X-100 extraction of cells, making estimates
of the size and composition or rafts in vivo di⁄cult [16,23].
In addition, a number of proteins shown to be raft associated
by other criteria are e¡ectively solubilised by Triton X-100
[12].
3. Raft isolation using detergents other than Triton X-100
Current estimates of the size of lipid raft domains in living
cells are in the low nanometre range, and it has been sug-
gested that a basic raft unit may consist of a protein sur-
rounded by a sphingolipid/cholesterol-rich ‘lipid shell’ [24].
Thus, the number of physically distinct lipid raft domains in
living cells is likely to be enormous. Although Triton X-100 is
the most widely used detergent for puri¢cation of rafts, other
detergents have been used for this purpose, including CHAPS,
Triton X-114, Lubrol WX, Brij96 and Brij98 [3,16,25,26] (Ta-
ble 1 compares the properties of some of these detergents used
for raft isolation). Can detergent solubilisation of cells be used
to purify compositionally distinct lipid raft domains?
Di¡erential solubility of two glycosylphosphatidyinositol-
anchored proteins in the same detergent mixture was sug-
gested to re£ect their association with distinct lipid raft do-
mains [16]. Thy-1 and prion protein (PrP) were di¡erentially
solubilised in a mixture of Brij96 and sodium deoxycholate.
Furthermore, the proteins were clustered in separate domains
on the neuronal cell surface. Intriguingly, detergent-insoluble
raft complexes isolated using Brij96 were suggested not to
aggregate following detergent extraction, in contrast to rafts
prepared using Triton X-100 [16]. This allowed Thy-1- and
PrP-containing rafts to be puri¢ed from each other and
from the total detergent-insoluble membrane pool [27] ; lipid
analysis of these detergent-insoluble fractions revealed that
PrP rafts had higher levels of cholesterol, hexosylceramide
(a glycosphingolipid) and mono-unsaturated phosphatidyl-
choline and sphingomyelin than Thy-1 rafts. The results
from these studies suggest that lipid composition can vary
in distinct protein-containing rafts, and, furthermore, that de-
tergent insolubility may be used as a basis to separate distinct
types of rafts. However, as a rule, di¡erential insolubility of
two proteins in the same detergent does not imply their asso-
ciation with distinct types of raft. For example, the insulin
receptor has been shown by a range of techniques to be asso-
ciated with caveolae, a specialised type of raft that is intrinsi-
cally insoluble in Triton X-100; nevertheless, the insulin re-
ceptor is e¡ectively solubilised from these domains [18].
Unless the insulin receptor is localised to a speci¢c Triton
X-100-soluble subset of caveolae, this suggests that proteins
in the same raft domain can display markedly di¡erent levels
of detergent solubility.
The detailed analysis of Thy-1- and PrP-containing rafts
highlights the potential to physically separate and characterise
distinct raft domains puri¢ed by detergent insolubility. This
work also demonstrates that rafts with distinct lipid pro¢les
can be isolated. Is it possible, therefore, that di¡erential sol-
ubility of proteins in di¡erent detergents could re£ect their
association with distinct lipid rafts domains? i.e. can a speci¢c
detergent selectively purify (by insolubility) a speci¢c raft do-
main? The pentaspan protein prominin is localised to micro-
villi at the apical cell surface of Madin Darby canine kidney
(MDCK) cells. In contrast to a number of other apically
targeted plasma membrane proteins, prominin was soluble
in Triton X-100. However, prominin was shown to be partly
insoluble in another non-ionic detergent, Lubrol WX; this
insolubility was cholesterol dependent [25]. Association with
Lubrol-resistant rafts was suggested to facilitate the targeting
of prominin speci¢cally to microvilli at the apical cell surface.
The authors suggested that insolubility in Lubrol and solubil-
ity in Triton X-100 were a consequence of prominins associ-
ation with a novel lipid raft domain. Subsequent work also
implicated Lubrol-resistant rafts in apical targeting in polar-
Table 1
Summary of properties of common detergents used for isolation of detergent-insoluble lipid rafts
Detergent Solubilisation strength [30] Raft aggregation [16,26] Temperature [5,16,25,26] Cholesterol content [30,33]
Triton X-100 +++ yes 4‡C +++
Brij96 ++ no 4‡C +
Brij98 ++ no 37‡C +
Lubrol WX + N.D. 4‡C +/3
References for the appropriate studies are indicated. N.D.=not determined.
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ised hepatic cells [28]. Lubrol rafts were implicated in the
direct targeting of proteins to the apical cell surface, whereas
Triton-insoluble rafts were shown to function in the indirect
(via basolateral cell surface) pathway for apical targeting. As
Triton X-100 extraction does not preserve the raft association
of a number of proteins [12], the identi¢cation of Lubrol as a
detergent that can isolate Triton-soluble raft proteins appears
to be an important development.
A further recent development in the biochemical isolation
of lipid rafts came from a study that used the polyoxyethylene
ether Brij98 to solubilise thymocytes [26]. This detergent was
chosen because of its mono-unsaturated ether moiety, which
was predicted to partition into and preferentially solubilise
loosely packed £uid phase lipids. Brij98-resistant rafts were
found to be enriched in cholesterol, sphingolipids and palmi-
toylated proteins, whereas prenylated proteins were e¡ectively
solubilised. Thus, Brij98-resistant rafts appear to be composi-
tionally similar to rafts isolated using Triton X-100; however,
similar to Lubrol, Brij98 does not solubilise all Triton X-100-
soluble proteins [29]. A major advantage that Brij98 has over
Triton X-100 is that it isolates raft domains present at 37‡C,
and is therefore suggested to purify a more ‘physiological’
pool of rafts [26]. In addition, Brij98 detergent-insoluble mem-
branes were also suggested not to aggregate following deter-
gent extraction, a property that will facilitate their composi-
tional analysis.
4. Novel rafts, the same raft or ine¡ectual solubilisation?
As Triton X-100 extraction of cells is thought to solubilise a
number of raft-associated proteins [12], the use of detergents
that isolate Triton X-100-soluble proteins may represent an
important development. Furthermore, the use of detergents
that do not promote aggregation of lipid rafts is likely to
facilitate a more rigorous analysis of protein and lipid com-
positions of distinct lipid raft domains. However, as with any
new tool, the e¡ectiveness of these detergents in isolating spe-
ci¢c raft domains requires critical examination.
Despite suggestions to the contrary, at present, di¡erential
insolubility of proteins in di¡erent detergents is not su⁄cient
to imply their association with distinct lipid rafts. In the ab-
sence of any supporting evidence, such di¡erential insolubility
may simply re£ect a di¡erent strength of interaction with the
same raft domain (as shown in Fig. 1A). However, if there are
data to also show that two proteins are physically separated in
intact membranes then it is possible to conclude that the pro-
Fig. 1. What does the di¡erential solubility of a protein in di¡erent detergents suggest? A: Where there is a lack of morphological evidence
that two raft proteins are separated in intact membranes, di¡erential solubility is not su⁄cient to suggest that the proteins are in distinct rafts.
In such a case the proteins may colocalise in the same raft domain but be di¡erentially solubilised from it. B: Di¡erential solubility of raft pro-
teins may be related to the type of interaction with lipid rafts. If there is also morphological evidence that the two proteins are physically sepa-
rated within intact membranes, then it may be concluded that the proteins are in separate raft domains. However, this does not imply that the
proteins are in rafts with di¡erent lipid compositions, as the proteins may be physically separated in rafts of the same type. C: Di¡erential sol-
ubility of two di¡erent proteins may re£ect their association with compositionally distinct raft domains (shown in red or blue). However, fur-
ther evidence is required to support this conclusion [26]. D: If the detergents used do not e¡ectively solubilise membranes, then a protein of in-
terest may not be associated with raft domains at all (shown for yellow protein).
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teins are in distinct rafts, but these rafts may have a similar
lipid composition (Fig. 1B). To conclude that two proteins are
in rafts with distinct lipid compositions (Fig. 1C) requires
analysis of individually puri¢ed raft domains [27].
Although not preserving all raft-associated proteins, Triton
X-100 has the major advantage that solubilisation of the bulk
plasma membrane can be assessed by monitoring the solubil-
ity of non-raft protein markers such as the transferrin recep-
tor and the Na/K-ATPase. How e¡ective are these ‘newer’
detergents at solubilising cell membranes? A signi¢cant worry
is that these ‘new’ detergents are chosen on the basis that they
do not solubilise a protein that is soluble in Triton X-100,
thus there is a tendency to use weaker detergents. Indeed
Triton X-100-resistant rafts are also insoluble in Lubrol WX.
A recent study emphasised the ine¡ectiveness of Lubrol
WX in solubilising plasma membrane proteins [30] ; Lubrol-
insoluble domains contained s 10-fold more biotinylated
plasma membrane proteins in MDCK cells than Triton
X-100-insoluble domains. Furthermore, although Lubrol
WX was initially shown to solubilise the transferrin receptor
in MDCK cells [25], more recent studies reported this protein
to be insoluble in Lubrol in both MDCK and in multidrug-
resistant cell lines [30,31]. The presence of the transferrin re-
ceptor in Lubrol-insoluble rafts suggests two main possibil-
ities: (i) This classical ‘non-raft’ protein is actually raft asso-
ciated but is solubilised by Triton X-100. However, note that
other detergent-independent raft studies have also concluded
that the transferrin receptor is a non-raft protein [8,32].
(ii) Lubrol WX is ine¡ective at solubilising the bulk plasma
membrane (Fig. 1D). Brij96- and Brij98-insoluble rafts also
contained signi¢cantly more plasma membrane proteins than
Triton X-100-resistant domains, although these detergents
were more e¡ective solubilisers than Lubrol [30]. As Brij98
is a new type of detergent used to purify rafts, its ability to
e¡ectively solubilise membranes requires further and more
rigorous examination. Although Brij98 solubilises prenylated
proteins, it is important to show that classical ‘non-raft’ trans-
membrane proteins such as the transferrin receptor and the
Na/K-ATPase are also solubilised.
The cautionary note concerning the use of Lubrol/Brij98 to
purify rafts is further emphasised by recent work analysing
the lipid composition of rafts isolated using di¡erent deter-
gents [30]. This analysis revealed that Triton X-100-insoluble
domains had a marked enrichment of sphingolipids and cho-
lesterol relative to glycerophospholipids, as expected of raft
domains. Brij98, on the other hand, isolated domains with
only a modest enrichment in sphingolipids/cholesterol. In con-
trast, Lubrol-resistant rafts had a similar overall lipid compo-
sition to total cell membranes. Thus, the lipid pro¢le of Lu-
brol-resistant rafts suggests that this detergent fails to isolate
domains with the characteristics of rafts (i.e. cholesterol/
sphingolipid-rich). An independent report also demonstrated
that Lubrol rafts were enriched in unsaturated phosphatidyl-
choline and had a signi¢cantly lower cholesterol:cholinephos-
pholipid ratio than Triton-insoluble rafts [33]. If this lipid
composition indeed re£ects the unique make-up of Lubrol
rafts, then it may be necessary to rede¢ne the term ‘raft’,
currently used to describe cholesterol/sphingolipid-rich do-
mains. Similarly, the signi¢cantly lower cholesterol/sphingo-
lipid levels in Brij98 rafts suggest that this detergent either
isolates a novel class of rafts, or that it does not solubilise
the bulk plasma membrane e⁄ciently.
5. Conclusions and perspectives
The aim of this minireview is to highlight the potential
problems associated with classifying rafts based on solubil-
ity/insolubility in di¡erent detergents. These detergents can
be useful to identify ‘raft’ proteins only when there is evidence
that the cellular compartment of interest is e¡ectively solubi-
lised (i.e. show that speci¢c integral membrane proteins are
soluble). However, the di¡erential behaviour of proteins in
distinct detergents, by itself, can not be used to imply associ-
ation with speci¢c types of raft domain. Even when there is
evidence to show that two proteins are spatially separated on
the membrane and that they respond di¡erently to agents that
disrupt lipid rafts this does not prove their existence in distinct
types of lipid rafts (only in distinct rafts). An obvious problem
when using Triton X-100 to isolate rafts is the solubilisation
by this detergent of signi¢cant amounts of raft proteins. Thus
detergents such as Lubrol WX may be useful in identifying
proteins with a weak a⁄nity for rafts; for example the micro-
villar localisation of prominin was shown to be cholesterol
dependent, suggesting that this protein may be a bona ¢de
raft component, albeit a Triton-soluble one. In addition, iso-
lating rafts with detergents such as Brij98 and Brij96 has
advantages, not least that Brij96/98-resistant rafts have been
suggested not to aggregate following cell solubilisation
[16,26]; aggregation of rafts puri¢ed using Triton X-100 pre-
vents rigorous analysis of protein segregation in distinct raft
domains. The idea that raft domains represent a minor frac-
tion of cell membranes has been challenged [19], and Triton
X-100-insoluble raft proteins may only re£ect a subset of pro-
teins that are raft associated in vivo. The challenge now is to
develop more robust methods that allow rafts to be isolated in
the purest form possible from the bulk plasma membrane. It
is likely that further optimisation of detergent-based puri¢ca-
tions will permit the development of improved methodology
for raft isolation. However, to achieve a comprehensive anal-
ysis of the complexities of lateral membrane compartmental-
isation undoubtedly requires a unifying molecular picture cre-
ated from several diverse but complementary approaches.
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